INTRODUCTION {#s1}
============

Melanoma incidence is steadily increasing worldwide and people affected by the metastatic form of this malignancy had a median survival time of 6--8 months \[[@R1]\]. In the last ten years, the discovery of BRAF mutations in melanoma created the first opportunity to develop oncogene-directed therapy, which had produced major clinical responses and significantly improved survivals \[[@R2], [@R3], [@R4]\]. Although the outstanding results on patients give hopes that melanoma can be cured, achievement of prolonged survivals is hampered by the appearance of resistance mechanisms that may quickly develop and lead to relapse in patients treated with BRAF inhibitors \[[@R5], [@R6]\]. Recently, clinical evidence of higher effectiveness of the combinatorial trials using BRAF inhibitors together with MEK and, to a less extent, PI3K inhibitors is providing further treatment options \[[@R7]\].

However, the issue of acquired resistance to BRAF inhibitor still remains a challenge \[[@R6]\]. Indeed, what is needed is a progress in understanding the multiple coexistent aberrations in resistant melanoma cells and addressing novel multi-target therapeutic modules to narrow the propensity for growth and spreading of resistant tumours.

BAG3 protein, a member of the family of heat shock protein (HSP) 70 co-chaperones that share the BAG domain, is expressed in a wide range of human tumours; in physiological conditions, its expression is conversely narrowed to few cell types (such as myocytes) \[[@R8], [@R9]\]. Recently, we reported that BAG3 levels in melanomas appeared to be specifically expressed in the cytoplasm of neoplastic cells while normal skin and benign nevi were negative \[[@R10]\]. More recently, we identified a subgroup of stage III melanoma patients, i.e. patients with 2--3 positive lymph nodes, whose clinical behaviour is influenced by the expression of the anti-apoptotic BAG3 protein in lymph node metastasis, suggesting that BAG3 staining on lymph node biopsies could therefore contribute to patient\'s prognosis and stratification for specific therapeutic approaches \[[@R11]\].

To BAG3 protein was assigned a role in sustaining the growth and in contributing to chemotherapy resistance in some tumour types \[[@R12], [@R13], [@R14], [@R15], [@R16]\]. We also demonstrated that, in melanoma cells, BAG3 is able to modulate the Hsp70- mediated delivery of the IKKγ subunit of IKK complex to proteasome, thereby sustaining NF-κB activation and inhibiting cell apoptosis. In a melanoma xenograft model, *bag3* silencing indeed resulted in a significant reduction of tumour growth with subsequent prolonged animal\'s survival \[[@R17]\]. Furthermore, it was reported that in thyroid cancer cells (harbouring BRAFV600E mutation) BAG3 can regulate cell growth both *in vitro* and *in vivo* and the underlying molecular mechanism appears to rely on BAG3 binding to BRAF, that protects BRAF from proteasome-dependent degradation \[[@R18]\].

Toward the elucidation of mechanisms by which resistance develops in treatment-resistant melanomas, we think that a contribution to this issue may be provided by the assessment of the role of BAG3 in response to therapy in melanoma cells. This in turn will lead to a rational basis for combination strategies that will include BAG3 silencing/inhibition aimed at circumventing resistance.

RESULTS {#s2}
=======

BAG3 protein is highly expressed in melanoma metastasis carrying BRAFV600E mutation and sustains BRAFV600E levels in A375 melanoma cells {#s2_1}
----------------------------------------------------------------------------------------------------------------------------------------

BAG3 protein has been described for its anti-apoptotic role in melanoma cells \[[@R17]\] and its expression in melanoma metastatic lymph nodes was correlated to the aggressiveness of the tumour \[[@R11]\]. These pieces of evidence prompted us to deeper analyse a possible involvement of BAG3 in melanoma tumour development. To this end, we analysed BAG3 expression in a series of tissue samples from tumours and metastasis coming from 41 patients with advanced malignant melanoma, by immunohistochemistry (IHC), using an anti-BAG3 monoclonal antibody (AC-1). Intensity and distribution of immunostaining was used to assign to the BAG3 signal a score from 0 to 2. In particular, tumour tissue samples showing high positivity were classified with a score 2; those samples were characterized by a strong to moderate staining and a homogeneous distribution of positivity within tumour cells. Conversely, scores 1 or 0 were assigned when the BAG3 immunostaining was weak or absent, respectively (Figure [1A](#F1){ref-type="fig"}). In our series, we identified a subgroup composed by 26 patients for whom we had information about BAG3 staining in primary tumours and metastasis. As shown in Figure [1B](#F1){ref-type="fig"}, our analysis revealed that BAG3 expression is significantly enhanced in metastatic lesions as compared to primary tumours in this subgroup of patients. Indeed, more than the 55% of patients' metastasis were classified with score 2 while only 10% resulted negative. (Fisher exact test *p* = 0.0001). Furthermore, in 10 of these patients we observed BAG3 positivity within the tumour tissue increased in metastatic sample in respect to the primary tumour. These data suggest a potential role of the anti-apoptotic BAG3 protein in maintaining metastatic melanoma cell survival and in sustaining tumour development.

![Analysis of BAG3 expression in human melanoma\'s metastases and its functional correlation with BRAFV600E\
Representative images of BAG3 negative (score 0), BAG3 low positive (score 1) and BAG3 high positive (score 2) metastatic melanoma samples stained using a monoclonal anti-BAG3 antibody revealed by using a biotinylated secondary antibody. Sections were counterstained with hematoxylin. (**A**) mut, mutation; WT, wild type. Fisher exact test was calculated by using 2 × 3 contingency tables. (**B**, **C**) A375 extracts were immunoprecipitated with an anti-BAG3 monoclonal antibody and immune complexes were then immunoblotted with antibodies recognizing BRAF, BAG3, Hsp70, or GAPDH as indicated. Immunoprecipitation with mouse IgGs was used as negative control (**D**) BAG3 down-modulation reduces levels of BRAF protein and affects ERK phosphorylation in A375 cells. A375 cells were transfected twice consecutively with a BAG3-specific or a non-targeting (NT) siRNA (200 nM), with the second transfection time being 72 hrs after the first one. After 120 hrs collected from the first transfection cells were analysed by western blot using anti-BAG3 polyclonal, anti-BRAF, anti-pERK and anti-ERK1 antibodies. Anti-GAPDH antibody was used as loading control. The levels of BAG3, BRAF were quantified by densitometry and normalized to GAPDH (O.D. BAG3/O.D. GAPDH; O.D. BRAF/O.D. GAPDH) (**E**) \**p* \< 0.05 \> 0.01; \*\**p* \< 0.01 \> 0.001.](oncotarget-08-80393-g001){#F1}

In melanoma disease, approximately 50--60% of tumours contain a mutation in the gene that encodes BRAF that leads to constitutive activation of downstream signaling in the MAP kinase pathway. In a previous report \[[@R10]\], we did not observe any significant changes in BAG3 positivity distribution between BRAF WT and BRAF mutated melanoma samples of primary tumours. In our series we obtained similar results (data not shown), and in addition, we analysed BAG3 expression in metastatic samples of 21 patients carrying BRAFV600E mutation compared to that of 8 patients with a wild-type *BRAF* gene. We observed that high BAG3 expression appears to be significantly more frequent in BRAF mutated metastatic specimens as shown in Figure [1C](#F1){ref-type="fig"} (Fisher exact test *p* = 0.0022). This result demonstrated that BAG3 protein is highly expressed in melanoma metastatic cells carrying BRAFV600E mutation.

Evidences from a recent report have demonstrated that BAG3 protein sustains anaplastic thyroid carcinoma (ATC) growth either *in vitro* or *in vivo*. The molecular mechanism relies on BAG3 binding to BRAF, protecting the latter from proteasome-dependent degradation mediated by Hsp-70 \[[@R18]\]. Analogously to cutaneous malignant melanoma, ATC is characterized by the BRAFV600E mutation activating the kinase domain, which in turn strongly sustains the proliferative and oncogenic characteristics of these human tumour cells, mainly via ERK kinase \[[@R19]\]. Thus, we firstly investigated if BAG3 and BRAF protein interacts in A375 melanoma cells that harbour BRAFV600E mutation. To verify BAG3/BRAF interaction we performed a co-IP experiment and we found that BRAF protein was co- immunoprecipitated with BAG3 using a BAG3-specific antibody. Moreover, Hsp70 was found to co-immunoprecipitate with both BAG3 and BRAF (Figure [1D](#F1){ref-type="fig"}), as reported for ATC \[[@R18]\]. Next, we sought to determine if BAG3 silencing could accelerate BRAF degradation, thus lowering its total levels in the cells. As illustrated in Figure [1E](#F1){ref-type="fig"}, cell treatment with *bag3*siRNA resulted in reduction of BRAF intracellular levels, compared with BRAF levels in control and NT siRNA-treated cells and interestingly reduction of BRAF levels resulted in the lack of ERK protein phosphorylation. Those pieces of evidences suggest that BAG3 protein is involved in one of the major mechanism that sustain melanoma cells growth *id est* the axis BRAF/MEK/ERK.

A375 melanoma cells resistance to BRAF inhibitor Vemurafenib is overcome by BAG3 silencing {#s2_2}
------------------------------------------------------------------------------------------

In recent years, specific inhibitors of BRAF/MEK/ERK pathway alone or in combination have been used in patients with advanced melanoma and, although resistance to a combined therapy with BRAF inhibitor and MEK inhibitor resulted in a prolonged patients' survival compared to treatment with the single agents, resistance remains a significant problem \[[@R20]\]. Mechanisms of cancer cells resistance to Vemurafenib can be established through two major mechanisms: ERK signaling activation in presence of the BRAF inhibitor and activation of parallel pro-survival pathways \[[@R7]\]. The first one is very frequently due to BRAF amplification, NRAS mutations, BRAF splice variants, all promoting dimerization of mutant BRAF with CRAF or wild type BRAF \[[@R21]\]. The latter refers to activation of PI3K/mTOR signaling cascade.

It was previously demonstrated that BAG3 inactivation or overexpression results in induction or inhibition, respectively, of both the spontaneous and chemotherapy-induced apoptosis \[[@R8]\]. As BAG3 protein is involved in sustaining BRAF levels and ERK phosphorylation in A375 melanoma cells, we sought to verify if BAG3 silencing can affect the response of those cells to prolonged Vemurafenib treatment.

To this end, A375 cells were transiently transfected with *bag3*siRNA or non-targeting siRNA (NT-siRNA) at a final concentration of 200 nM and treated them with 2 μM Vemurafenib for 120 hours. As shown in Figure [2A](#F2){ref-type="fig"}, the levels of hypo-diploid nuclei induced by Vemurafenib were significantly increased in cells where BAG3 was silenced. We also analysed in the same experimental settings cleaved caspase-3/7 contents and we confirmed that interfering on BAG3 protein expression sensitizes to apoptosis melanoma cells subjected to a prolonged treatment with Vemurafenib (Figure [2B](#F2){ref-type="fig"}).

![Down-regulation of BAG3 sensitizes A375 cell line to Vemurafenib via ERK pathway\
A375 cells were transfected twice consecutively with a BAG3-specific or a non-targeting (NT) siRNA (200 nM), with the second transfection time being 72 hrs after the first one and they were treated with Vemurafenib (2 μM). After 120 hrs from the first transfection, cells were collected and labelled with propidium iodide and analysed by flow cytometry. The percentage of cells in the sub-diploid apoptotic region was quantified for each condition. Graph depicts mean percentage of Sub G0/G1 cells (± SD). (**A**) A375 cells were treated with a BAG3-specific or a non-targeting (NT) siRNA (200 nM) as previously described and stained with 5 μM CellEvent^™^ Caspase-3/-7 Green detection reagent for 30 min at 37°C and analysed by flow cytometry. Data are presented as the mean ± SD of three independent determinations (**B**) BAG3 down-modulation reduces levels of BRAF protein and affects ERK phosphorylation in A375 cells. A375 cells were transfected as previously described and after 120h total protein extracts were analysed by western blot using anti-BAG3 polyclonal, anti-BRAF, anti-pERK and anti-ERK1 antibodies. Anti-GAPDH antibody was used as loading control. The levels of BAG3, BRAF were quantified by densitometry and normalized to GAPDH (O.D. BAG3/O.D. GAPDH; O.D. BRAF/O.D. GAPDH) (**C**) A375 Acquire resistance to Vemurafenib (PLX4032) after long-term drug treatment. We cultured BRAF mutant melanoma cells (A375) in increasing concentration (up to 2 μM) of the B-RAF inhibitor Vemurafenib (PLX4032). After 2 months, we isolated a resistant cell line (A375VR) that was less sensitive to PLX4032 than the parental cell line. Parental and resistant cells were grown in the presence of indicated doses of Vemurafenib for 120 hrs. Relative cell viability was assessed by MTT assay (**D**) Resistant cells bypass G1/S arrest induced by PLX4032. A375 and A375VR were treated with 2 μM Vemurafenib for 8 and 24 hrs. Then the levels of phosphorylated ERK (pERK) and ERK 1 were analysed by western blot using anti-pERK and anti-ERK antibodies. GAPDH was used as loading control (**E**) A375 and A375VR were treated with different doses of Vemurafenib for indicated time. Cells were harvested and stained with propidium iodide for cell-cycle analysis (**F**) Down-regulation of BAG3 re-sensitizes A375VR cell lines to Vemurafenib. A375VR cells were transfected with a BAG3-specific or a NT siRNA (200 nM). After 24 hrs they were treated with 2 μM Vemurafenib and after 72, 96, and 120 hrs cells were collected, labelled with propidium iodide and analysed by flow cytometry. The percentage of cells in the sub-diploid apoptotic region was quantified for each condition. Graph depicts mean percentage of Sub G0/G1 cells (± SD) (**G**) A375VR cells were treated with a BAG3-specific or a non-targeting (NT) siRNA (200 nM) as previously described and stained with 5 μM CellEvent™ Caspase-3/-7 Green detection reagent for 30 min at 37°C and analysed by flow cytometry. Data are presented as the mean ± SD of three independent determinations (**H**) \**p* \< 0.05 \> 0.01; \*\**p* \< 0.01 \> 0.001; \*\*\**p* \< 0.001.](oncotarget-08-80393-g002){#F2}

BRAF mutated protein has a basal kinase activity 10fold higher than BRAF wildtype counterpart, resulting in hyper-activation of the MEK/ERK pathways \[[@R22]\]. Interestingly, extended Vemurafenib treatment induced a rebound of phospho-ERK1/2 as a first sign of resistance establishment \[[@R23]\]. We wanted to verify levels of BRAF end phospho-ERK1/2 in BAG3 silenced cells after this prolonged treatment with Vemurafenib (2 μM for 120 hours). As shown in Figure [2C](#F2){ref-type="fig"} we observed that BAG3 down-modulation during BRAF inhibitor treatment resulted in the loss of ERK phosphorylation thus suggesting that BAG3 can sustain ERK activation in presence of BRAF inhibitor. Interestingly, also BRAF levels, as observed in untreated cells, resulted to be down-modulated suggesting that resistance pathways due to BRAF gene gain or amplification could be sensitive to BAG3 silencing. This aberration was detected in patients treated with BRAF inhibitor alone but also in that treated in combination with a MEK inhibitor \[[@R24]\]. Furthermore, it was previously demonstrated that different levels of expression of the BRAFV600E modulate melanoma sensitivity to Vemurafenib \[[@R25]\].

In order to better analyse the role of BAG3 protein in Vemurafenib-resistant cells we cultured A375 cells with increasing concentrations (0.02 to 2 μM) of the BRAF inhibitor and cells able to grow in presence of 2 μM of Vemurafenib emerged after ∼2 months of culture. We obtained a cell line A375VR (A375 Vemurafenib Resistant). Notably, these cells displayed larger cell size and elongated morphology (data not shown). As shown in Figure [2D](#F2){ref-type="fig"} while A375 parental cell line displayed more than 50% of mortality after 120 hours of treatment with Vemurafenib at a 3 μM concentration, A375VR did not lose viability in respect to control cells.

To further confirm the establishment of resistance in A375VR, we tested the effect of Vemurafenib at the concentration of 2 μM, a dose at which the resistant cells were commonly cultured, on ERK phosphorylation in resistant cells compared with their parental counterpart. Vemurafenib treatment of parental cells led to inhibition of phospho- ERK1/2 after 24 hours, while resistant cells were not responsive to BRAF inhibitor in terms of phospho-ERK1/2 down-regulation. Additionally, we analysed cell-cycle profiles of parental and resistant cells treated with Vemurafenib at two different doses (0.3 and 3 μM) at 8, 24, and 48 hours (Figure [2F](#F2){ref-type="fig"}). Short-term (8 hours) treatment of parental cells with Vemurafenib had limited effects on the cell-cycle profile in A375 cells, whereas prolonged treatment with Vemurafenib (24--48 hours) led to strong reduction of S-phase cells at all doses and the accumulation of sub G1 cells at the dose of 3 μM after 48 hours. On the other hand, resistant cells were capable to overcome Vemurafenib- induced cytostatic effect accompanied by cell death.

To investigate BAG3 protein involvement in acquired resistance to Vemurafenib, we assessed the effect on cell apoptosis of the *bag3*siRNA on A375VR. For this purpose, we treated A375VR cells with a specific siRNA for BAG3 or NT-siRNA while continuously exposed to Vemurafenib 2 μM and analysed the cells for hypo-diploid nuclei contents at 72, 96, and 120 hours. In Figure [2G](#F2){ref-type="fig"}, A375VR cells displayed a significant re-sensitization to Vemurafenib when treated with a specific *bag3*siRNA after 72 hours; rate of apoptosis reached 40% after 120 hours of continuous exposure to BRAF-inhibitor and *bag3*siRNA. Since the maximal apoptotic effect was found at 120 hours, this time point was chosen for subsequent experiments. Indeed, we also observed in the same experimental setting a significant increase in appearance of cleaved caspase-3/7 in cells were BAG3 was silenced, as shown in Figure [2H](#F2){ref-type="fig"}.

Those findings indicate that in A375 melanoma cells Vemurafenib Resistant can be sensitized to apoptosis by interfering with BAG3 protein levels.

BAG3 down-modulation restores A375VR sensitivity to Vemurafenib acting on ERK pathway but also on parallel survival pathways {#s2_3}
----------------------------------------------------------------------------------------------------------------------------

To identify pathways implicated in acquired resistance to Vemurafenib, we plated A375VR at low density and 5 different clones were selected: A375VR\#5, A375VR\#6, A375VR\#7, A375VR\#8, and A375VR\#9. Selected clones were continuously kept in culture in presence of 2 μM Vemurafenib.

As already reported, the pathway activated by the EGF receptor (EGFR) plays a crucial role in resistance of melanoma cells to Vemurafenib \[[@R26]\]. To further confirm these data, phosphorylated EGFR (pEGFR) and EGRF protein levels were analysed by Western Blotting in selected clones and compared with those in A375 and A375VR. As shown in Figure [3B](#F3){ref-type="fig"}, A375VR were characterized by increased levels of both pEGFR and EGFR proteins in comparison with those detected in A375. On the other end, each clone was characterized by different levels of pEGFR and EGFR proteins. We have also shown that the phosphorylation of AKT, an EGFR downstream effector, was enhanced in resistant cells and in clones. Our analysis confirmed that phosphorylation of some signal transducers and transcription activators was consistently increased. Such an increase was also evident for STAT3 phosphorylation in resistant cells and clones; on this regard, the proteins belonging to the STAT family of transcription factors, they are activated by cytokines and growth factors receptors and led to cancer progression \[[@R27]\] (Figure [3A](#F3){ref-type="fig"}).

![Analysis of BRAF inhibitor resistance pathways affected by BA63 levels in melanoma cells\
Five resistant clones were generated from A375VR. Western Blots for phosphorylated EGFR (pEGFR), EGFR, BRAF, phosphorylated AKT (pAKT), AKT, phosphorylated STAT3 (pSTAT3 Y705), STAT3 and Hsc70 (loading control) in A375, A375VR, A375VR\#5, A375VR\#6, A375VR\#7, A375VR\#8, and A375VR\#9 cells (**A**). Down-regulation of BAG3 sensitizes A375VR\#5, A375VR\#6, A375VR\#7, A375VR\#8, and A375VR\#9 cells lines to Vemurafenib. A375VR\#5, A375VR\#6, A375VR\#7, A375VR\#8, and A375VR\#9 cells were transfected with a BAG3-specific or a NT siRNA (200 nM) (see figure legend [1D](#F1){ref-type="fig"}). After 120 hrs, cells were collected, labelled with propidium iodide, and analysed by flow cytometry. The percentage of cells in the sub-diploid apoptotic region was quantified for each condition. The graphic depicts mean percentage of Sub G0/G1 cells (± SD) (**B**). A375VR\#6 cells were treated with a BAG3-specific or a non-targeting (NT) siRNA (200 nM) as previously described and stained with 5 μM CellEvent™ Caspase-3/-7 Green detection reagent for 30 min at 37°C and analysed by flow cytometry. Data are presented as the mean ± SD of three independent determinations (**C**). BAG3 silencing induces down-modulation of many crucial proteins involved in cell survival in A375VR\#6 resistant clone. A375VR\#6 cells were transfected with a BAG3-specific or a NT siRNA (200 nM), as previously described. After 120 hrs cells were collected and analysed with human phospho-array kit following manufacturing instructions (**D, E**). BAG3 silencing induces apoptosis through pSTAT3 and pCREB down-modulation in A375VR\#6 clone. Analysis by confocal microscopy using anti-phosphorylated STAT3 (pSTAT3-S727), anti-phosphorylated CREB (pCREB), anti-BAG3, anti-BRAF and anti-cleaved caspase 3 antibodies. Anti-GAPDH and anti-beta-actin antibodies were utilized as control (**F**). \**p* \< 0.05 \> 0.01; \*\**p* \< 0.01 \> 0.001; \*\*\**p* \< 0.001.](oncotarget-08-80393-g003){#F3}

To further identify mechanisms that were implicated in driving resistance in our experimental model, we tested the expression of BRAF in Vemurafenib resistant sub clones by Western Blotting. As shown in Figure [3A](#F3){ref-type="fig"}, there was no difference in BRAF protein expression between A375VR cell line and their parental counterpart, but all five A375VR sub clones expressed different levels of BRAF mutated protein.

To investigate the mechanisms by which the increased expression levels of pEGFR, EGFR, pAKT, pSTAT3, and BRAF could influence response of Vemurafenib-resistant clones to BAG3 down-modulation, we transfected the five A375VR sub clones with *bag3*siRNA or NTsiRNA while continuously culturing them with 2 μM Vemurafenib, as previously described for A375VR. After 120 hours from transfection, we evaluated the percentage of cells with hypodiploid nuclei by propidium iodide staining. BAG3 down-modulation was found to be able to re-sensitize the different clones, though the degree of such effect again varied between the different clones.

In particular, A375VR\#6 was the clone more susceptible to BAG3 down-modulation, reaching a rate of apoptosis of 42.5% after 120 hours from transfection (Figure [3B](#F3){ref-type="fig"}). The induction of apoptosis in A375VR\#6 subjected to BAG3 silencing was further confirmed by the appearance of cleaved caspase-3, as shown in Figure [3C](#F3){ref-type="fig"}. BAG3 silencing in A375VR\#6 resulted also in the reduction of BRAF levels as demonstrated in the parental cell line (data not shown).

A375VR\#6 clone was used to deeper investigate the molecular mechanisms through which BAG3 silencing could restore sensitivity to Vemurafenib in melanoma cells with acquired resistance to this inhibitor.

We conducted phosphoprotein-array analysis to identify any pathway that may be deregulated in the resistant clone after treatment with a specific agent able to knockdown BAG3 protein expression. Therefore, A375VR\#6 cells were treated with *bag3*siRNA or NTsiRNA as previously described and, after 120 hours cells were collected, lysed, and analysed with human phosphoprotein array. We observed down-modulated phosphorylation of the ERK protein, after BAG3 protein silencing in the resistant clone. Furthermore, we observed that RSK and the transcription factors CREB, and STAT3/2, three downstream target of pERK were down-modulated as well (Figure [3D--3E](#F3){ref-type="fig"}). It is of note that, in recent papers it was demonstrated that molecules able to interfere with STAT3 are able to overcome Vemurafenib resistance in melanoma cells \[[@R27]\] and that hyperactivation of CREB confers acquired resistance to to BRAFV600E inhibition in melanoma via upregulation of AEBP1 expression and consequent activation of NF-κB \[[@R28]\].

Targets of the PI3K pathway were also found to be significantly dephosphorylated in cells where BAG3 was silenced such as AKT, mTOR and the p70S6K that also were found to be interesting targets to overcome acquired resistance to to BRAFV600E inhibition in melanoma \[[@R29]\].

Interestingly, also Hck and Lyn of the family of Src Tyrosine Kinases were down-phosphorilated when BAG3 expression is inhibited; those proteins act upstream of ERK kinase and result activated upon aberrant expression and/or activity of EGFR. Inhibition of EGFR or Src Tyrosine Kinases were also found to be effective in overcome BRAF inhibitor resistance in melanoma cells \[[@R30]\].

We also confirmed that transcription factors CREB and STAT3 phosphorylation was decreased in the A375VR\#6 cell line by immunofluorescence upon transfection with a specific *bag3siRNA* (Figure [3F](#F3){ref-type="fig"}).

Alltogheter, our data show that BAG3 can lower several survival pathways hyper-activated during the acquisition of the resistance.

DISCUSSION {#s3}
==========

The increased knowledge about the molecular mechanisms underlying the pathogenesis of cutaneous melanoma has led to the development of a personalized approach for the treatment of melanoma \[[@R31]\]. Treatment of BRAF-mutant metastatic melanoma with mitogen-activated protein kinase (MAPK) pathway targeted therapies (BRAF/MEK inhibitors) has improved outcomes and revolutionized disease management for patients with advanced stage disease \[[@R7]\]. However, the clinical experience with BRAF inhibitors and in particular with Vemurafenib has also shown that the efficacy of long-term treatment for patients with melanoma is hampered by the development of acquired drug resistance \[[@R6], [@R32]\]. Therefore, it is important to determine whether BRAFV600E- mutant melanoma cells with acquired resistance to Vemurafenib could be re-sensitized to the treatment.

BAG3 is an anti-apoptotic protein that has been shown to sustain cell survival in a variety of tumour types, including melanoma \[[@R9], [@R12], [@R13], [@R14], [@R15], [@R16]\]. BAG3 down-regulation appears to indeed induce cell apoptosis and impair tumour growth in melanoma - both *in vitro* and *in vivo* \[[@R17]\] - suggesting that it may represent a novel target for tumour therapy. It has been indicated that the role of BAG3 in melanoma is due to its anti-apoptotic properties; in fact, this protein has been shown to protect melanoma cells from death through the interaction with apoptosis-regulating proteins, such as the IKKγ subunit of the NF-κB-activating complex IKK \[[@R17]\]. Furthermore, BAG3 expression was reported to be associated with melanoma progression \[[@R10]\]; more recently, an interesting correlation between BAG3 protein expression and prognosis in patients affected by metastatic melanoma with positive lymph nodes has been described \[[@R11]\].

Results shown in this report describe that BAG3 is highly expressed in in the majority of metastatic melanoma carrying the BRAFV600E mutation and, therefore, this protein could be a possible therapy target. Moreover, in an *in vitro* model of acquired resistance to Vemurafenib, we have demonstrated that BAG3 silencing was able to restore sensitivity to the BRAF inhibitor and that the mechanism responsible for such a re-sensitization seems to be effective on more than one survival pathway responsible of the acquired resistance. We can summarize that BAG3 silencing is able to significantly impact on one of the major feature of BRAF inhibitor resistance that is a persistent ERK phosphorylation, this impact on the downstream target as RSKs, CREB and STAT3. Interestingly, BAG3 down-modulation impacts also on Lyn and Hck Tyrosine Kinases that work upstream in respect to ERK and are found hyper-phosphorylated upon aberrant expression and/or activity of EGFR. It is of note that, other proteins, containing the Src module were found to interact with BAG3 via its proline rich domain \[[@R33]\]. Furthermore, BAG3 is also involved in the PI3K/AKT/mTOR survival pathway; indeed, BAG3 sustains levels of AKT and its downstream targets as previously reported \[[@R34]\]. Recently, has also been described an inhibitor of Hsp70 able to disrupt BAG3/Hsp70 complex \[[@R33]\] that acts via the BAG domain of the BAG3 protein. We believe that a part of the observations we reported in this paper can be ascribed to the Hsp70- mediated activities of BAG3 protein, such for instance the effects on BRAF and AKT. However, the activity on the other targets may be obtained through the other functional domains of BAG3 such as the WW domain, the proline rich or the IPV motif. Thus, additional studies and the design of molecules that can selective bind to this portions of the protein can represent a valid tool to selectively control and inhibit survival pathways in resistant cells.

In conclusion, our data strongly support the idea that BAG3 can represent a valid target in the treatment of BRAF inhibitor resistant metastatic melanomas.

MATERIALS AND METHODS {#s4}
=====================

Cell cultures and reagents {#s4_1}
--------------------------

The melanoma cancer cell line A375 was obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in DMEM (Dulbecco\'s modified Eagle\'s medium) supplemented with 10% fetal bovine serum (FBS). The media for culturing the above cell line were purchased from Lonza (Bergamo, Italy) and supplemented with 100 U/mL penicillin and 2 g/mL streptomycin (Sigma-Aldrich Corp). A375 cells were cultured in increasing concentrations of PLX4032 (from 0.1--2 μM) to generate resistant cell line (A375VR). To generate the resistant clones A375VR\#5, A375VR\#6, A375VR\#7, A375VR\#8 and A375VR\#9 the resistant cell line (A375VR) was plateted at the density of 1 cell/well in a 96 well plate. Resistant lines were maintained in the continuous presence of 2 μM PLX4032, supplemented every 72 hr.

Vemurafenib was obtained from Selleckchem (Houston, TX, USA).

Immunohistochemistry {#s4_2}
--------------------

Four-μm thick sections of each tissue, mounted on poly-L-lysine-coated glass slides, were analysed by immunohistochemistry (IHC) using the anti-BAG3 mAb AC-1 (BIOUNIVERSA s.r.l., SA, Italy). IHC protocol included deparaffination in bioclear, rehydration through descending degrees of alcohol up to water, incubation with 3% hydrogen peroxidase for 5 minutes to inactivate endogenous peroxidases, non enzymatic antigen retrieval in CC1 buffer (Ventana Medical System), pH 8.0, for 36 minutes at 95°C. After rinsing with phosphate-buffered saline (PBS 1×), samples were blocked with 5% fetal bovine serum in 0.1% PBS/BSA and then incubated for 1 hour at room temperature with the mAb in saturating conditions. The standard streptavidin-biotin linked horseradish peroxidase technique was then performed, and 3,3′-diaminobenzidine was used as a substrate chromogen solution for the development of peroxidase activity. Finally, the sections were counterstained with hematoxylin; slides were then coverslipped using a synthetic mounting medium. For immunohistochemistry, scoring was performed by at least two investigators (in very few borderline cases, classification of BAG3 staining required additional investigators and was based on the consistency of the majority of them).

Patient samples {#s4_3}
---------------

Tumour samples were obtained from a consecutively-collected series of unselected patients who underwent surgical resection of metastatic malignant melanoma at both the Local Health Unit 1 (ASL1) and Azienda Ospedaliero Universitaria (AOU), Sassari (Italy). Patients were informed about aims and limits of the study and gave their written informed consent before tissue samples were collected. The study was reviewed and approved by the ethical review boards of both Local Health Unit 1 (Azienda Sanitaria Locale 1; ASL1) and University of Sassari.

Western blot {#s4_4}
------------

Cells were harvested and lysed in a buffer containing 20 mM HEPES (pH 7.5), 150 mM NaCl, 0.1% Triton (TNN buffer) supplemented with a protease inhibitors cocktail (Sigma), and subjected to 3 cycles of freeze-and-thawing. Lysates were then centrifuged for 20 min at 15,000 × g and stored at −80°C. Protein amount was determined by Bradford assay (Bio-Rad, Hercules, CA) and 30 μg of total protein were separated on 10% SDS-PAGE gels and electrophoretically transferred to nitrocellulose membrane. Nitrocellulose blots were blocked with 10% nonfat dry milk in TBST buffer (20 mM Tris-HCl at pH 7.4, 500 mM NaCl and 0.01% Tween), and incubated with primary antibodies in TBST containing 5% non-fat dry milk overnight at 4°C. Immunoreactivity was detected by sequential incubation with horseradish peroxidase-conjugated secondary antibodies and ECL detection reagents (Amersham Life Sciences Inc., Arlington Heights, IL, U.S.). Signal detection was performed using ImageQuant^™^ LAS 4000 (GE Healthcare, U.S.).

Apoptosis {#s4_5}
---------

Cells were seeded in 24-well plates (1 × 10^4^ cells per well) and treated with 2 μM of Vemurafenib and/or transfected with BAG3 small-interfering RNA (siRNA) or NonTargeted siRNA (NTsiRNA). At the end of treatment, the percentage of sub-G0/G1 cells was analysed via propidium iodide incorporation into permeabilized cells, and flow cytometry was performed as previously described \[[@R17]\]. Each experimental point was performed in triplicate, and the data reported are the mean of at least three independent experiments. Error bars depict Standard Deviation (SD).

For the quantification of caspase-3/7 activity, cells were labeled with 500 nM CellEvent caspase-3/7 green detection reagent (Life Technologies) for 30 minutes at 37°C. A total of 10,000 stained cells per sample were acquired and analyzed in a FACSVerse flow cytometer by using FACSSuite software (Becton Dickinson).

siRNAs and transfections {#s4_6}
------------------------

*bag3* siRNA b (5′-ATCGAAGAGTATTTGA CCAAA-3′) and NT siRNA (5′-CAGUCGCGUUUGCG ACUGG-3′) were synthesized by MWG Biotech (Ebersberg, Germany). Cells were transfected with siRNAs at a final concentration of 200 nM usingTransFectin (Bio-Rad Laboratories, Inc., Hercules, CA, USA). Transfection efficiency was evaluated in each experiment by western blot analysis.

Co-immunoprecipitation {#s4_7}
----------------------

For immunoprecipitation of BAG3 protein the anti-BAG3 mAb AC-2 was coupled to Dynabeads (Invitrogen) following the manufacturer\'s instructions. Briefly, 500 × g of cell extracts were immunoprecipitated at 4°C overnight and then analysed by Western blot using a rabbit anti-BAG3 polyclonal primary antibody, anti-BRAF antibody, anti-HSC70 antibody, and anti-GAPDH antibody.

Cell viability and cell-cycle analysis {#s4_8}
--------------------------------------

Cells were synchronized by holding at confluence for 2 days, which arrests cells in G0/G1 phase of the cell cycle (DAI et al., 2007). Synchronized cells were plated at a cell density of 5 × 10^3^ cells/cm^2^ and after 2 h were treated with indicated concentrations of Vemurafenib (see figure legends). Cell viability was measured by MTT (\[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide\]) (M2128) assay. Cell-cycle analysis was performed after incubation of cells with PI solution (2.5 mg/ml propidium iodide, 0.75 M sodium citrate pH 8.0, 0.1% Triton). Fluorescence intensity was measured by flow cytometry (FACScan Becton Dickinson, BD, Franklin Lakes, NJ, USA). For each sample, 10,000 events were recorded and histograms of red fluorescence versus counts were generated to evaluate percentages of cells in each phase of the cell cycle. The proportion of cells in each phase was calculated using ModFit LT software (BD).

Indirect immunofluorescence {#s4_9}
---------------------------

Cells were cultured on coverslips in six-well plates to 60--70% confluence and transfected with 200 nM bag3siRNA or NTsiRNA. After 120 hours of transfection, coverslips were washed in PBS 1× and fixed in 3.7% formaldehyde in PBS1X for 30 min at room temperature, and then incubated for 5 min with PBS 1× 0.1 M glycine. After washing, coverslips were permeabilized with 0.1% Triton X-100 for 5 min, washed again and incubated with blocking solution (5% normal goat serum in PBS 1×) for 1h at room temperature. Following incubation with 3 mg/ml of anti-BAG3 mouse monoclonal antibody AC-2 at room temperature for 1 hour a 1:800 dilution of anti-pCREB, 1: 400 of anti-pSTAT3S727 and 1: 100 of anti- beta- actin antibody, coverslips were washed three times with PBS 1×. After incubation with a 1: 500 dilution of goat anti-mouse or anti-rabbit IgG DyLigth 488-conjugated antibodies (Jackson ImmunoResearch, West Grove, PA, USA) and a 1: 500 dilution of goat anti-mouse IgG DyLigth 649-conjugated antibodies (Jackson ImmunoResearch) at room temperature for 45 min, coverslips were again washed for three times in PBS and then in distilled water. The coverslips were then mounted on a slide with interspaces containing 47% (v/v) glycerol. Samples were analysed using a confocal laser scanning microscope (Leica SP5, Leica Microsystems, Wetzlar, Germany). Images were acquired in sequential scan mode by using the same acquisitions parameters (laser intensities, gain photomultipliers, pinhole aperture, objective 63×, zoom 1.1) when comparing experimental and control material. For production of figures, brightness and contrast of images were adjusted by taking care to leave a light cellular fluorescence background for visual appreciation of the lowest fluorescence intensity features and to help comparison among the different experimental groups. Final figures were assembled using Adobe Photoshop 7 and Adobe Illustrator 10 (Adobe systems incorporated, San Jose, CA, USA). Leica Confocal Software and ImageJ (Leica Microsystems, Wetzlar, Germany) were used for data analysis.

Antibodies and kit {#s4_10}
------------------

Anti-BAG3 rabbit polyclonal and murine monoclonal antibodies were obtained from BIOUNIVERSA s.r.l., SA, Italy. The rabbit polyclonal anti-BAG3 was raised against the full-length BAG3 recombinant protein. AC2 interacts with a portion of BAG3 protein (from aminoacid 385 to aminoacid 399) not overlapping the BAG domain. This was produced in endotoxin free conditions by Nanotools (Teningen, DE). The anti-BAG3 monoclonal murine clone AC-1 used for staining specifically interacts with the BAG3 region from aminoacid 18 to aminoacid 33. Antibodies recognizing ERK1 (sc-94), BRAF (sc-166), STAT3 (sc-80109), GAPDH (sc-32233), Hsc-70 (sc-7298), and Beta-actin (sc-477789) were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA); p-ERK1/2 (Thr202/Thr404; \#9101), pSTAT3 (Ser727; \#9136), pCREB (Ser133; \#9198), ), pAKT (Ser473; \#9271), AKT (\#9272), EGFR (\#4267) cleaved caspase 3 (Asp175; \#9661) from Cell Signaling Technology, Inc. (Danvers, MA, USA), pEGFR (Y1068; \#04--339) from Millipore (Darmstadt, Germany). Mouse IgG isotype control (ABIN 398652) was obtained from Antibodies-online.

Human Phospho-Kinase array kit (ARY003B) was obtained from R&D system (Minneapolis, USA). Levels of phosphorylated proteins (300 μg per sample) were analyzed in cell lysates according to the protocol provided by the manufacturer. The array was analyzed and quantified by using ImageJ software (CA, USA). Pixels in each spot were calculated and subtracted to that of background, then the value obtained was normalized on the value obtained in reference spots. For each phospho-protein we had 2 spots.

Statistical analysis {#s4_11}
--------------------

Results are expressed as means ± standard deviation (SD). Data were analysed by Student\'s *t*-test using MedCalc statistical software version 13.3.3 (Ostend, Belgium). *P*-values from 0.01 to 0.05, from 0.001 to 0.01, or \< 0.001 were considered significant (\*), very significant (\*\*) or highly significant (\*\*\*), respectively.
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